
   





 Exclusive CMD (Charge Multiplicity Distribution) in jet  𝑷𝒏 = 
𝝈𝒏

𝝈
 −  probability to be exactly n particles in jet. 

 

 Moments of CMD in jet vs. 𝐏𝐓
𝐣𝐞𝐭 vs. type of jet  (q-, g-, b-jets):  

 

 Mean charge multiplicity in jet     𝒏 =   𝒏𝑷𝒏𝒏  . 

 Dispersion 𝑫 = (𝒏 − 𝒏 )𝟐 , skew (a measure of CMD asymmetry) 𝜸𝟏 = 
(𝒏− 𝒏 )𝟑

𝑫𝟑   

                       and kurtosis (a measure of CMD “peakedness”)  𝜸𝟐 = 
(𝒏− 𝒏 )𝟒

𝑫𝟒  − 𝟑 ; 

 Higher (ordinary) normalized moments, KNO-scaling (𝐶𝑞~𝑐𝑜𝑛𝑠𝑡 𝑃𝑇
𝑗𝑒𝑡 ) and its violation:    

𝑪𝒒 = 
𝒏𝒒

𝒏 𝒒;           (𝑞 = 2,3,4,5).  

 Factorial moments, F-scaling  (𝐹𝑞~𝑐𝑜𝑛𝑠𝑡 𝑃𝑇
𝑗𝑒𝑡 ) and its violation  

𝐹𝑞 =  𝑛 𝑛 − 1 …(𝑛 − 𝑞 + 1)𝑃𝑛𝑛 =  𝜌𝑞 𝑦1, … , 𝑦𝑞 𝑑𝑦1…𝑑𝑦𝑞;   𝑭𝒒 = 
𝑭 𝒒

𝒏 𝒒; 

Here  "𝜌𝑞" - inclusive CMD – probability density of n particles irrespective of the presence of any other 

particles, 𝑦𝑖- set of kinematical variables of i-th hadron: 

𝜌𝑞 = 𝑃𝑞 +  
1

𝑠!
𝑃𝑞+𝑠𝑑𝑦1…𝑑𝑦𝑠

𝑠

  

 Cumulant factorial moments 𝐾 𝑞 =  𝐶𝑞
𝑐𝑜𝑟 𝑦1, … , 𝑦𝑞 𝑑𝑦1…𝑑𝑦𝑞 ;  𝑲𝒒 = 

𝑲 𝒒

𝒏 𝒒 . 

                     Here 𝐶𝑞
𝑐𝑜𝑟- cumulant correlation functions:  𝐶2

𝑐𝑜𝑟 𝑦1, 𝑦2 = 𝜌2 𝑦1, 𝑦2 − 𝜌1 𝑦1 𝜌1 𝑦2 , … . 

 

 Ratios:   𝑯𝒒 = 𝑭 𝒒 / 𝑲 𝒒.  

See review [E.A.DeWolf, I.M.Dremin,W. Kittel, Phys.Rep.270 (1996)] 



 Signal muon; 
 Two b-jets; 
 Two light quark  jets ; 
 Additional jets due to ISR and FSR; 

 Background is about 18%                                              [S.Shulga, CMS, JetMET, Feb, 2013] 
 Separation the Light Quark Jets with 95% purity  [S.Shulga, ICSSNP-2013] 



 PF-Jets, reconstructed by using Particle Flow objects: 
o jets reconstruction algorithm - “anti-kT with angular parameter 𝑅 = 0.5”:   "𝐚𝐤𝟓𝐏𝐅𝐉𝐞𝐭𝐬“ 
o η𝑗𝑒𝑡 < 2.5  &&  PT

𝑗et ∈   30 − 210 GeV; 

o Cut for low  PT
particle:   PT

particle > 500 MeV; 
 Generator Jets (Pythia Tune Z2star), reconstructed by the same algorithm:   "𝐚𝐤𝟓𝐆𝐞𝐧𝐉𝐞𝐭𝐬“.  

 jet energy scale;     [1] 

 loses of low  𝑷𝑻
𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆 tracks ;  [1] 

 track reconstruction inefficiency; 
 subtraction of PU-tracks;   [1] 
 subtraction of PU-jets ;        [2] 
 Remnants of strange particle decays;   [3] 
 subtraction of UE    [4]; 
 Purity of quark jet sample obtained in semi-leptonic 𝑡𝑡 -channel,    [4]; 
 unfolding;      [1] 
 particular choice the jet finder algorithm; 
 overlap of jets. 

𝜂 =  
1

2
 𝑙𝑛

𝑝 + 𝑝𝐿
𝑝 − 𝑝𝐿

= − ln[𝑡𝑎𝑛
𝜃

2
] 

𝑅 = (∆𝜂)2+(∆𝜑)2  

Beam direction 
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 CMSSW filter “class TSkim”; 
          It is a filter for semi-leptonic 𝑡𝑡  -channel  
          described in [S.Shulga, CMS, JetMET, Feb, 2013] 

 
 CMSSW analyser “class TAnaMult” with 3 steps; 

: to prepare  2D-histogram H2D : 
- Input: generator events;  
- Output: 2D-histogram H2D = GEN+05 vs. GEN-0.5 ; 

: to prepare matrices of response for full reconstructed MC jets (verification): 
- Input: full reconstruction MC jets & H2D from step 1; 
- Output: three matrices of response for MC: 

PF vs. GEN+0.5    (for unfolding mode 1) ; 
PF vs. GEN              (for unfolding mode 2) ; 
PF+SIM vs. GEN   (for unfolding mode 3) ; 

: to prepare matrices of response for full reconstructed Data jets: 
- Input: full reconstruction Data jets & H2D from step 1; 
- Output: the same three matrices of response for Data;

for unfolding (corresponding to three matrices of response above); 
o modes for choice of observables for analysis: 
          , 𝑪𝒒,𝑭𝒒,𝑲𝒒  𝑯𝒒 (𝒒 = 𝟐, 𝟑, 𝟒, 𝟓). 

 

GEN= Generator Charged Multiplicity (CM) in jet ; 

GEN±05 = GEN with  PT
particle  

>

<
0.5 GeV ; 

SIM = simulated CM with  PT
particle < 0.5 GeV ; 

PF = PF with  PT
particle > 0.5 GeV ; 

Short notations: 



 Unfolding method “iterative Bayesian” with 4 iterations  [D’Agostini NIM A362 (1995) 487-498) ] 
implemented in program  RooUnfold:    http://hepunx.rl.ac.uk/~adye/software/unfold/RooUnfold.html  

 MC sample of reconstructed  42892  𝑡𝑡 -events ; 

 Input for Unfolding:  MD’s for “ak5GenJets” and “ak5PFJets” (𝑃𝑇
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 > 0.5 𝐺𝑒𝑉). 

“ak5GenJets”(GEN + 0.5) 
Unfolded Data 
“ak5PFJets” (MC: PF)  
“ak5PFJets” (Data: PF) 

𝑃𝑇
𝑗𝑒𝑡, GeV 

𝑛  

D
a

ta
/

M
C

 

𝑷𝑻
𝑗𝑒𝑡 , GeV ∆, % 

30 ÷ 60 7.4 

60 ÷ 90 6.2 

90 ÷ 120 5.5 

120 ÷ 150 6.0 

150 ÷ 180 6.7 

Table 1:  Difference between CM’s  
in "𝐆𝐄𝐍 − 𝟎. 𝟓" and “MC: 𝐏𝐅 − 𝟎. 𝟓” 

Fig. 1:  Unfolding of charge MD (𝑃𝑇
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 > 0.5 GeV) : 

 "𝐏𝐅" ↔ "𝐆𝐄𝐍 + 𝟎. 𝟓“ (Mode 1) 

GEN= Generator Charged Multiplicity (CM) in jet ; 

GEN+05 = GEN with  PT
particle > 0.5 GeV ; 

SIM = simulated CM with  PT
particle < 0.5 GeV ; 

PF = PF with  PT
particle > 0.5 GeV ; 

𝑃𝑇
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 > 0.5 𝐺𝑒𝑉

http://hepunx.rl.ac.uk/~adye/software/unfold/RooUnfold.html
http://hepunx.rl.ac.uk/~adye/software/unfold/RooUnfold.html


“ak5GenJets” (GEN) 
Unfolded Data 
“ak5PFJets” (MC: PF-0.5)  
“ak5PFJets” (Data: PF-0.5) 

𝑃𝑇
𝑗𝑒𝑡, GeV 

𝑛  

D
a

ta
/

M
C

 

𝑃𝑇
𝑗𝑒𝑡, GeV 

Fig. 1:  Unfolding of charge MD: 

 "𝐏𝐅" ↔ "𝐆𝐄𝐍“  (Mode 2) 

Fig. 2:  Unfolding of charge MD: 

 "𝐏𝐅 + 𝐒𝐈𝐌" ↔ "𝐆𝐄𝐍“ (Mode 3) 

“ak5GenJets”(GEN) 
Unfolded Data 

“ak5PFJets” (MC:PF+SIM)  
“ak5PFJets” (Data:PF+SIM) 

GEN= Generator Charged Multiplicity (CM) in jet ;  

GEN+05 = GEN with  PT
particle > 0.5 GeV ; 

SIM = simulated CM with  PT
particle < 0.5 GeV ;  

PF = PF with  PT
particle > 0.5 GeV ; 



MC 
4567 𝑡𝑡 -events 

MC 
4567 𝑡𝑡 -events 

MC, PF jets, 4567 𝑡𝑡 -events, 

63839 “signal” tracks  
MC, PF jets, 4567 𝑡𝑡 -events, 

63839 “signal” tracks  

6/8. Tracks from Pile Up & 
strange  particle decays 

The fine tune of track-PV matching condition 
is followed from these histograms: 

Distributions of 
track Impact Parameters 

(IP) relative to muon 
primary vertex (PV) and 

its  uncertainties: 
Transverse IP         -           left 

Longitudinal IP          -        right 
Signal muon       -          Top 

Signal hadron        -   Bottom 
 IP                           -        red 
IP uncertainty    -      blue 

 
Here a soft track-PV 

matching condition is 
used: 

∆𝒅𝒛,𝒙𝒚 𝑷𝑽   <    𝟎. 𝟏 cm 

Track-PV matching: 

[A]    𝑑𝑧 𝑃𝑉    < 3 ∗ ∆𝑑𝑧 𝑃𝑉               ∆𝑑𝑧 𝑃𝑉   < ∆𝒅𝒛
𝒎𝒂𝒙 

        𝑑𝑥𝑦 𝑃𝑉 < 3 ∗ ∆𝑑𝑥𝑦 𝑃𝑉             ∆𝑑𝑥𝑦 𝑃𝑉   < ∆𝒅𝒙𝒚
𝒎𝒂𝒙 

[B] In case of ambiguity the closest PV in 3D-distance is chosen 

∆𝒅𝒛
𝒎𝒂𝒙,𝝁      = 𝟎. 𝟎𝟎𝟔 𝒄𝒎,   ∆𝒅𝒙𝒚

𝒎𝒂𝒙,𝝁    = 𝟎. 𝟎𝟎𝟑 𝒄𝒎 

∆𝒅𝒛
𝒎𝒂𝒙,𝒉𝒂𝒅𝒓= 𝟎. 𝟎𝟔 𝒄𝒎,          ∆𝒅𝒙𝒚

𝒎𝒂𝒙,,𝒉𝒂𝒅𝒓= 𝟎. 𝟎𝟑 𝒄𝒎 

Muon tracks 

Hadron tracks 

Muon tracks 

Hadron tracks 



 Jets with 𝛽𝑗𝑒𝑡 < 0.02  are pure PU-jets and 

excluded before using condition “Leader 1”. 

𝛽𝑗𝑒𝑡 = 
 𝑃𝑇

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑤𝑖𝑡ℎ 𝑃𝑉 𝑖𝑛 𝑗𝑒𝑡

 𝑃𝑇
𝑎𝑙𝑙 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑗𝑒𝑡

  

Distribution of 
𝜷𝒋𝒆𝒕 in MC-sample of 

jets 

MC, PF “ak5” jets 

𝜂𝑗𝑒𝑡 < 2.5,  PT
𝑗et > 30 GeV 

The 
same as at 
Fig.1, but 

with 
𝜷𝒋𝒆𝒕 > 𝟎. 𝟎𝟐. 

𝛽𝑗𝑒𝑡 𝛽𝑗𝑒𝑡 

Distribution 
of 𝜷𝒋𝒆𝒕 in MC-sample 

of jets with 
condition “Leader 1” 

 Condition “Leader 1(2,3)”: 
Jet is related to type of signal jet (not PU jet) 
if one (two, three) leader track is signal one.   More stronger condition “Leader2” or “Leader3” 

change the jet sample insignificantly. It means that 
condition “Leader 1” is enough  for PU-jet 

subtraction.  



 From the Fig. 1 (additive observables): 
А.  Residual Pile Up correction  ∆ 𝑣 = 𝑣 − 𝑣  ; 
В. Statistical and PU-systematical errors are combined: 

𝑣 − 𝑣 − 𝑣 1 𝑡𝑜𝑡 + [ 𝑣 2 − 𝑣 ](𝑡𝑜𝑡)                                           (1) 

𝑁𝑃𝑉 15 30 

𝑣1  

𝑣2  

𝑣  

1 

𝑣 1  

𝑣 2  

𝑣  

 For other (not additive) observables: 
𝑣 ± 𝑠𝑡𝑎𝑡 + 𝑣 − 𝑣2 𝑠𝑦𝑠𝑡+ − [ 𝑣1 − 𝑣 ](𝑠𝑦𝑠𝑡−); 

𝑣 + 𝑡𝑜𝑡+ − 𝑡𝑜𝑡− , 𝑡𝑜𝑡± = 𝑠𝑡𝑎𝑡 2 + 𝑠𝑦𝑠𝑡±
2                     (2) 

Definition of  Pile Up residual 
correction and uncertainty for additive 

observables  by using  
linear regression model. 

𝑠𝑦𝑠𝑡+ 

𝑠𝑦𝑠𝑡− Linear approximation of   
PU-dependence is physically correct 
in case of additive jet observables 

(multiplicity,  
sum of transverse particle moments etc.) 

 Reweighting of  PU in MC 𝒕𝒕 -sample reduces PU-uncertainties in measurements 



Detailed results for the first estimates of measurements of observables mean CM, dispersion, skew, 
kurtosis, Cq, Fq, Hq (q=2,…,5) :         [S Shulga, CMS, JetMet, 21 July 2014] 

 Comparisons to the OPAL (e+e-, 1998) and CDF (2005) are presented there; 
 

 Our preliminary results for skew, kurtosis, 𝑭𝒒, 𝑲𝒒 and 𝑯𝒒 (𝒒 = 𝟐, 𝟑, 𝟒, 𝟓) are coincides with OPAL 

results in region of uncertainties; 
 

 Average charged particle multiplicity in CMS measurements deviates from the results of the OPAL 
and CDF due to different definition of jets (“unbiased jets” in OPAL,  “jet in cone 0.47” in CDF, in CMS 
- “ak5 jets”) 
 

 In range of uncertainties we observe the KNO-scaling  (𝑪𝒒)and F-scaling  (𝑭𝒒 ) in jets both at 

generator level and in measurement ; 
 

 Strong deviation of measurements and generator Pythia (tune Z2star) (especially for  low 𝑷𝑻 jets) 
are observed for (1) mean multiplicity and  (2) low moments 𝑪𝒒 for sum of longitudinal momenta 

of particles in jets. 
 

 Work and approval of the results are in their first half. 



 

We expect finally that uncertainties of such measurement in pp collisions are 3-4 times 
higher than in OPAL (1998) experiment.  The advantage of such measurements is that it is 
possible to measure the properties of the jet in a wide range of jet energies, while in e+e- we 
have fixed energy of jet pairs. The additional jet radiation in pp is also of interest for the 
study of the influence on the jet properties. 

 
The first estimates of measurements at the CMS of moments of charged particle 

multiplicity distributions in jets show very promising results. 
 


